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An unidentiﬁed 3.5 keV line from X-ray observations of galaxy clusters has been reported recently. Al-
though still under scrutiny, decaying dark matter could be responsible for this signal. We investigate 
whether an axino with a mass of 7 keV could explain the line, keeping the discussion as model inde-
pendent as possible. We point out several obstacles, which were overlooked in the literature, and which 
make the axino an unlikely candidate. The only viable scenario predicts a light metastable neutralino, 
with a mass between 0.1 and 10 GeV and a lifetime between 10−3 and 104 s.
© 2015 Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.1. Introduction
There has been interest recently in an unidentiﬁed 3.5 keV line 
in X-ray observations of galaxy clusters [1,2]. Despite its physi-
cal origin being subject to debate [3–8], there is still some room 
to speculate that decaying dark matter is responsible for this sig-
nal. The ﬁrst obvious dark matter (DM) candidate in this context 
is a 7 keV sterile neutrino [1], but many other alternatives have 
been proposed. Some authors have pointed out that a decaying 
axino could explain the line [9–12]. In this paper we examine care-
fully the conditions under which a 7 keV axino would produce 
the observed X-ray line. Due to the large number of parameters 
at disposal in supersymmetric models, it is hard to exclude with 
certainty the axino scenario. However we show that various con-
straints leave almost no room available in the parameter space of 
these models. Therefore we deem the axino an unlikely candidate 
to explain the line. The authors of Ref. [13] also mentioned the ax-
ino as an unnatural explanation of the X-ray line. In this work we 
elaborate on the physical arguments that lead to such a conclusion.
There are a few reasons why it is appealing to consider a model 
with a light axino. First, introducing the axion multiplet (axion, ax-
ino, saxion) in models of supersymmetry (SUSY) solves the strong 
CP problem [14]. Second, the axion and the axino can both be 
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it is warm DM and it could help reconcile some small-scale struc-
ture issues [15–17] of cold DM. In the context of R-parity violating 
(RPV) SUSY [18], a light axino is unstable. Its lifetime is still longer 
than the age of the universe, but it can decay into a neutrino and 
a photon. It is this channel that would produce the 3.5 keV line. 
RPV models also have the virtue of explaining the null-results for 
SUSY searches at the LHC without introducing a little hierarchy 
problem: the limits on the masses of the sparticles become much 
weaker [19–23]. The axino could also produce an X-ray photon in 
R-parity conserving SUSY. This is possible if the lightest neutralino 
is very light or even massless. The axino can then decay into the 
neutralino plus a photon [12]. We comment also on this possibility, 
below.
This letter is organized as follows. In Section 2, we review how 
the axino abundance depends on the reheating temperature, in 
Section 3 we discuss various constraints that the 3.5 keV line puts 
on models with a decaying axino. We conclude in Section 4.
2. Axino relic density
Any supersymmetric model with an axino contains also an ax-
ion. The latter, as an invisible axion, is always a good DM candi-
date, while the former is suitable only if it is suﬃciently long lived. 
We are here interested in a scenario where the axino constitutes 
almost the entire DM budget of the universe. This is typically re-
alized for low values of the axion decay constant ( fa ∼ 1010 GeV), 
in which case the axion DM component is suppressed and can be 
neglected. See e.g. Ref. [24] for a review on axion DM. BY license (http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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literature [25–32]. There are two axion/axino scenarios of inter-
est: the Dine–Fischler–Srednicki–Zhitnitsky (DFSZ) model [33,34], 
and the Kim–Shifman–Vainshtein–Zakharov (KSVZ) model [35,36]. 
As far as the axino is concerned, the important difference be-
tween the two lies in the mass, M , of the heaviest Peccei–
Quinn (PQ) charged and gauge-charged matter supermultiplet in 
the model [31]. In the DFSZ case M is the Higgsino mass, of or-
der  TeV, while in the KSVZ case it is the mass of the heavy 
vectorlike quarks, typically of order fa  109 GeV. This difference 
leads to two different relic axino abundances as well as to a dif-
ferent dependence on the reheating temperature, TRH. For DFSZ 
models we have [29]
DFSZa˜ h
2  0.78
( ma˜
7 keV
)(1010 GeV
fa
)2
, (1)
which does not depend on TRH, as long as TRH is larger than1
roughly 1 TeV [32]. The relic density drops very quickly for lower 
values of TRH (see e.g. Fig. 3 in Ref. [29]). From eq. (1) we see that 
for a 7 keV DFSZ axino with fa < 1010 GeV the reheating tempera-
ture has to be below 1 TeV in order to avoid overabundance. Recall, 
observationally DMh2 = 0.1199 ± 0.0027 [37].
For the KSVZ case [29]:
KSVZa˜ h
2 = 6.9× 10−3
( ma˜
7 keV
)(1010 GeV
fa
)2
×
(
TRH
103 GeV
)
, (2)
which is valid for 1 TeV < TRH < M ∼ fa . Also in this case the 
abundance drops very quickly for reheating temperatures below 
about 1 TeV.
2.1. Including a light gravitino
Without tuning and/or cancellations, the axino is expected to 
be heavier than the gravitino [38,39]. This puts further constraints 
on our scenario. First, the axino can decay into a gravitino and an 
axion with a lifetime [38]
τa˜→G˜+a  6 · 1028 s
(m3/2
keV
)2(7 keV
ma˜
)5
. (3)
Here m3/2 denotes the gravitino mass. If the 7 keV axino is to 
explain the X-ray line we must require its lifetime to be roughly 
greater than the age of the universe, τa˜→G˜+a > 1018 s, otherwise it 
would have decayed away. This implies m3/2 > 10−5 keV. A grav-
itino lighter than roughly 100 eV is a hot dark matter candidate. 
Its relic abundance [40],
HDM
G˜
h2 ∼ 0.1 m3/2
100 eV
, form3/2 < 100 eV , (4)
is constrained to be less than 3% of the total DM abundance [41], 
which implies m3/2  1 eV.
In the range 1 keV < m3/2 < 7 keV, the gravitino is a warm 
dark matter candidate and its abundance depends on TRH [42]:
G˜h
2 = 0.27
(
TRH
100 GeV
)(
keV
m3/2
)
, form3/2 > 1keV . (5)
In this case we require a reheating temperature below 1–10 GeV
so that the gravitino contribution to the DM density is much 
1 The exact value of TRH depends on the SUSY spectrum, but it is expected to lie 
in the TeV range.smaller than that of the axino. However for such low values of 
TRH the axino relic density, even with fa ∼ 109 GeV, is highly sup-
pressed, a˜h
2  0.12. Therefore, we exclude this case.
Thus if the axino constitutes most of the DM and produces the 
3.5 keV X-ray line, the gravitino mass is restricted to the small 
window
10−2 eV<m3/2 < 1 eV . (6)
As both the axino and the gravitino are in the keV range and 
below, one might worry about their contribution to the relativistic 
degrees of freedom at Big Bang Nucleosynthesis (BBN). This turns 
out not to be a problem in most cases. When the universe reheats 
to 10–100 GeV, both the axino and the gravitino are out of ther-
mal equilibrium [29]. The subsequent annihilations of SM particles 
heat up the photon bath so that the photon temperature at BBN is 
higher than the respective temperatures of the axino and the grav-
itino. As a consequence their contribution to Neff is well within 
the bound. If there is also a very light or massless neutralino in 
the spectrum one has to worry about the constraint from Neff, as 
we discuss later.
3. The axino and the X-ray line
To explain the 3.5 keV X-ray line via the decay of a DM par-
ticle X , one needs a decay rate of X→γ+... ∼ (1028 s)−1 ∼
10−53 GeV [1], assuming that the decaying DM constitutes 100% 
to the relic abundance. If the decaying DM is a fraction k < 1 of 
the total DM, then the corresponding decay rate has to increase by 
1/k to explain the signal.
There are two scenarios for a 7 keV axino to produce the 
3.5 keV X-ray line, where R-parity is respectively conserved or vi-
olated. In either case the starting point is the following Lagrangian 
for the coupling of the axino to the SM gauge bosons and their 
gaugino supersymmetric partners:
LaλV = a˜
16π2 fa
σμν
(
g21CaBB B˜ B
μν +
g22CaWW W˜
aWaμν + g23 G˜αGαμν
)
. (7)
Here a˜ is the axino mass eigenstate, while the gauginos and gauge 
ﬁelds are gauge eigenstates; gi are the gauge couplings. These in-
teractions are the supersymmetric version of those of the axion 
with gauge ﬁelds in the low energy (non-supersymmetric) La-
grangian [43]. The coeﬃcients C are model dependent and are 
typically of order one [44].
3.1. R-parity conserving SUSY
In the R-parity conserved case, if the bino is lighter than the 
axino, the X-ray line could be produced by the decay a˜ → B˜ + γ . 
This was pointed out in Ref. [12]. The axino partial decay rate with 
a massless bino is
a˜→B˜+γ =
1
128π3
m3a˜
f 2a
C2aBB
(
g21
4π
)2
cos2 θW (8)
∼ 7× 10−52 GeV
( ma˜
7 keV
)3(1014 GeV
fa
)2
. (9)
Note, a massless bino is consistent with all data provided the 
sfermions are heavy enough [45–47]. To match the rate needed 
for the X-ray line this scenario requires fa > 1014 GeV. This imme-
diately excludes the DFSZ axino, whose relic abundance would be 
much too low.
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viable. However this scenario is strongly disfavored by two argu-
ments. First, the abundance of axions produced via the misalign-
ment mechanism would be far too high [24] for fa ∼ 1014 GeV, 
unless one tunes the initial misalignment angle to very small val-
ues. Second, a massless bino together with a light gravitino would 
contribute to the relativistic degrees of freedom [48], giving a value 
Neff > 1, in strong tension with BBN and with the data from the 
Cosmic Microwave Background (CMB) [49].
3.2. R-parity violating SUSY
In the context of R-parity violation, the terms i Li Hu, i =
e, μ, τ in the superpotential introduce mixing among the neutri-
nos and the Higgsinos. The modiﬁed scalar potential also results 
in non-zero sneutrino vacuum expectation values (VEVs), which 
introduce mixing between the neutrinos and the bino and the 
neutral wino, respectively. In this case the RPC axino decay in Sec-
tion 3.1 automatically includes the decay channel a˜ → νi + γ . The 
new partial decay rate is simply modiﬁed by the appropriate mix-
ing angles2
a˜→νi+γ =
1
128π3
m3a˜
f 2a
⎡⎣r2
νi B˜
C2aBB
(
g21
4π
)2
cos2 θW
+ r2
νi W˜
C2aWW
(
g22
4π
)2
sin2 θW
⎤⎦ (10)
∼ 7× 10−42 GeV (r2
νi B˜
+ 3r2
νi W˜
)
×
( ma˜
7 keV
)3(109 GeV
fa
)2
. (11)
Here rνi B˜ (rνi W˜ ) parametrizes the mixing of the neutrino mass 
eigenstate with the gaugino gauge eigenstate B˜ (W˜ 0). The lifetime 
of the axino to explain the X-ray line requires r2
νi B˜
(r2
νi W˜
) to be of 
order 10−12 for fa ﬁxed at its lowest possible value [51], 109 GeV.
One of the outstanding features of RPV models with lepton 
number violation, is that they automatically provide for massive 
neutrinos. Assuming that the neutrino masses solely arise from 
the RPV sector, we can estimate bounds on the mixings rνi (B˜,W˜ )
as follows. Neglecting loop contributions, the terms i Li Hu lead to 
one massive neutrino [52–54] and two non-vanishing lepton mix-
ing angles, which we take to be θ13 and θ23 [52]. The neutrino 
mass is given in terms of the model parameters as
mν3 =
g22M1 + g21M2
4detMχ0
| |2 , (12)
where [52]
i ≡ μωi − vdi , i = e,μ, τ (13)
are the alignment parameters and ωi ≡ 〈ν˜i〉 are the sneutrino 
VEVs. Furthermore detMχ0 denotes the determinant of the 4 × 4
neutralino sub-mass-matrix of the MSSM
detMχ0 ≡ −μ2M1M2 +
1
2
μvuvd(g
2
2M1 + g21M2) , (14)
where vu ≡ 〈Hu〉, vd ≡ 〈Hd〉 are the Higgs VEVs. The parameters 
i are related to the two remaining neutrino mixing angles [52]:
2 Note this decay would also occur with pure trilinear R-parity violation via the 
resulting sneutrino VEV’s [50].tan θ13 = − e
(2μ + 2τ )1/2
, tan θ23 = μ
τ
. (15)
These angles are measured [55] to be θ13 ∼ π/20 and θ23 ∼ π/4, 
thus we have μ = τ ≡  and e = 0.23 . The cosmological 
bound on the sum of the neutrino masses [49], 
∑
i mνi < 0.23 eV, 
in our case amounts to a bound on the single massive neutrino, 
and thus
 < (3.2× 10−13 TeV)1/2
(
detMχ0
g22M1 + g21M2
)1/2
. (16)
From Refs. [52,54] we can work out the mixings analytically, in 
terms of the supersymmetric parameters. For instance
rν2 B˜ =
g1M2μτμ√
2μ + 2τ · detMχ0
 g1M2μ√
2detMχ0
, (17)
and similar expressions for the other mixings. Then the bound on 
 translates into
r2
ν1 B˜
< (1.1× 10−14 TeV)M−1 (18)
r2
ν2 B˜
< (4.6× 10−13 TeV)M−1 (19)
r2
ν3 B˜
< (2.8× 10−16 TeV)M−1 , (20)
with
M−1 ≡ g
2
1M
2
2μ
2
(g22M1 + g21M2)detMχ0
, (21)
and similar bounds for r2
ν1W˜
. Given the null SUSY searches at the 
LHC so far, it is reasonable to expect the parameters M1, M2, μ
to be of order TeV or larger, and detMχ0 ∼ TeV4, in absence of 
cancellations. In this case the bounds simplify to
r2
ν1 B˜
< 2.3× 10−15 , (22)
r2
ν2 B˜
< 9.2× 10−14 , (23)
r2
ν3 B˜
< 5.6× 10−17 . (24)
These mixings are very small and thus the resulting axino decay 
rate too slow to explain the X-ray line.
Perhaps the assumption that all the SUSY parameters and 
masses are at least around a TeV is too strict. Suppose that the 
lightest neutralino, χ01 , has a mass of order GeV and the other 
neutralinos are at the TeV scale. Then detMχ0 ∼ 10−3 TeV4 and 
the bound on r2
ν2 B˜
becomes of order 10−10, which is enough to ﬁt 
the line. However this scenario faces another problem. A GeV neu-
tralino has two decay channels: one into an axino and a photon 
with
χ01→a˜+γ 
1
128π3
m3
B˜
f 2a
C2aBB
(
g21
4π
)2
cos2 θW ,
τχ01→a˜+γ ∼ 60 s
(
GeV
mχ01
)3(
fa
109 GeV
)2
; (25)
the other into a neutrino plus leptons (or pions) via an off-shell Z
boson, with [56]
χ01→νl+l− 
r2
νi B˜
α2
1024π3
m5
χ01
M4Z
,
τχ01→νl+l− ∼ 60 s
⎛⎝10−10
r2
νi B˜
⎞⎠(GeV
mχ01
)5
. (26)
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< 1 GeV the dominant decay mode is into axino plus pho-
ton, while for mχ01
> 1 GeV it is into neutrino plus leptons. These 
decay rates are low enough that the neutralino freezes out before 
decaying. As a weakly interacting particle (WIMP), at freeze-out it 
has roughly the right DM relic abundance, χ01
h2 ∼ 0.1. If χ01 is 
mostly bino, it will be slightly overabundant, while if it is mostly 
wino or Higgsino it will be underabundant [57]. In either case our 
subsequent conclusions do not change. When χ01 decays it pro-
duces energetic photons, which are subject to constraints from BBN 
and CMB. The window 10 MeV < mχ01
< 100 MeV, correspond-
ing to 3 × 104 s < τχ01 < 3 × 10
7 s, is excluded by bounds from 
photodestruction of D and photoproduction of D +3 He [58]. The 
window 300 keV < mχ01
< 10 MeV, corresponding to 3 × 107 s <
τχ01
< 1012 s, is excluded by bounds from CMB spectrum distor-
tions [58,59]. The window 7 keV<mχ01
< 300 keV, with a lifetime 
τχ01
> 1012 s, is excluded by CMB constraints on late decaying par-
ticles [60]. For mχ01
< 7 keV the neutralino is lighter than the axino 
and we are back to the situation of the R-parity conserving sce-
nario, which is strongly disfavored as we discussed in the previous 
section.
The window 100 MeV < mχ01
< 10 GeV, corresponding to
10−3 s < τχ01 < 3 × 10
4 s, cannot be as easily excluded, so it is 
viable in principle. In this range most of the neutralinos decay 
around BBN time, which could be in some tension with the suc-
cess of BBN itself. However a detailed study, beyond the scope of 
the current work, is needed to come to a deﬁnite conclusion. For 
mχ01
> 10 GeV one quickly hits the bound from neutrino masses.
We conclude that also the RPV scenario is strongly disfavored.
4. Summary
Motivated by recent claims of detection of an X-ray line at 
3.5 keV we have investigated whether a decaying axino with a 
7 keV mass could explain the signal. The R-parity conserving sce-
nario is strongly disfavored mostly because it requires a very light 
bino, which together with a light gravitino would contribute to the 
relativistic degrees of freedom, Neff > 1, in contradiction with 
BBN and CMB bounds. RPV models require a mixing neutrino–bino 
or neutrino–wino which is typically too large and excluded by the 
cosmological bound on neutrino masses. To evade this bound one 
is forced to take the lightest neutralino with a mass around a GeV 
or below. Such a neutralino is long-lived and decays into energetic 
photons. If it is lighter than 100 MeV the scenario is excluded by 
BBN and CMB constraints. These arguments are generic, model in-
dependent, and make the 7 keV axino a very unlikely candidate 
for the observed 3.5 keV line.
If the lightest neutralino has a mass between 100 MeV and 
10 GeV, the RPV scenario is still viable. The corresponding lifetime 
of the neutralino ranges from τχ01
=O(10−3 s), for mχ01 = 10 GeV, 
to τχ01
= O(104 s), for mχ01 = 100 MeV. This is effectively stable 
for collider physics. Such a neutralino is very hard to observe in 
the laboratory, with no present bounds [46]. The low mass range 
is excluded by supernova cooling if the selectron is lighter than 
about 500 GeV [45]. The proposed SHiP facility at CERN is most 
likely not sensitive to these lifetimes, due to the restricted geom-
etry [61]. A direct measurement at an e+e− linear collider is also 
unlikely [62]. This range of lifetimes is too short for possible as-
trophysical signatures. Therefore it is hard to verify whether this 
particular scenario is realized or excluded.
It might still be possible, at the expense of ﬁne tuning, to ﬁnd 
other corners of parameter space where the axino has the right abundance and decay rate to ﬁt the line. One would have to do a 
numerical scan for a speciﬁc model, which is beyond the scope of 
this work. If such a corner were found, our arguments suggest that 
it would have a low axion decay constant, fa ∼ 109 GeV, at the 
edge of the astrophysical bound, and a low reheating temperature, 
below a TeV (for a KSVZ model) or even around a few tens of GeV 
(for a DFSZ model). This is troublesome for most of the proposed 
baryogenesis mechanisms.
5. Note added
As this work was being completed, Ref. [63] appeared, which 
casts further doubts on the DM interpretation of the 3.5 keV line.
Acknowledgements
HD and SC acknowledge the DFG SFB TR 33 ‘The Dark Universe’ 
for support throughout this work. LU is supported by the I-CORE 
Program of the Planning Budgeting Committee and the Israel Sci-
ence Foundation (Grant No. 1937/12).
References
[1] A. Boyarsky, O. Ruchayskiy, D. Iakubovskyi, J. Franse, Phys. Rev. Lett. 113 (2014) 
251301, arXiv:1402.4119 [astro-ph].
[2] E. Bulbul, M. Markevitch, A. Foster, R.K. Smith, M. Loewenstein, et al., Astro-
phys. J. 789 (2014) 13, arXiv:1402.2301 [astro-ph].
[3] O. Urban, N. Werner, S.W. Allen, A. Simionescu, J.S. Kaastra, L.E. Strigari, Mon. 
Not. R. Astron. Soc. 451 (2015) 2447, arXiv:1411.0050 [astro-ph].
[4] T.E. Jeltema, S. Profumo, Mon. Not. R. Astron. Soc. 450 (2015) 2143, arXiv:
1408.1699 [astro-ph].
[5] E. Bulbul, M. Markevitch, A.R. Foster, R.K. Smith, M. Loewenstein, et al., arXiv:
1409.4143 [astro-ph], 2014.
[6] A. Boyarsky, J. Franse, D. Iakubovskyi, O. Ruchayskiy, arXiv:1408.4388 [astro-
ph], 2014.
[7] T. Jeltema, S. Profumo, arXiv:1411.1759 [astro-ph], 2014.
[8] E. Carlson, T. Jeltema, S. Profumo, J. Cosmol. Astropart. Phys. 1502 (2015) 009, 
arXiv:1411.1758 [astro-ph].
[9] S.P. Liew, J. Cosmol. Astropart. Phys. 1405 (2014) 044, arXiv:1403.6621 [hep-
ph].
[10] J.-C. Park, S.C. Park, K. Kong, Phys. Lett. B 733 (2014) 217, arXiv:1403.1536 [hep-
ph].
[11] K.-Y. Choi, O. Seto, Phys. Lett. B 735 (2014) 92, arXiv:1403.1782 [hep-ph].
[12] B. Dutta, I. Gogoladze, R. Khalid, Q. Shaﬁ, J. High Energy Phys. 1411 (2014) 018, 
arXiv:1407.0863 [hep-ph].
[13] C. Kolda, J. Unwin, Phys. Rev. D 90 (2014) 023535, arXiv:1403.5580.
[14] R. Peccei, Lect. Notes Phys. 741 (2008) 3, arXiv:hep-ph/0607268.
[15] F. Villaescusa-Navarro, N. Dalal, J. Cosmol. Astropart. Phys. 1103 (2011) 024, 
arXiv:1010.3008 [astro-ph].
[16] M. Viel, G.D. Becker, J.S. Bolton, M.G. Haehnelt, Phys. Rev. D 88 (2013) 043502, 
arXiv:1306.2314 [astro-ph].
[17] A. Schneider, R.E. Smith, A.V. Maccio, B. Moore, Mon. Not. R. Astron. Soc. 424 
(2012) 684, arXiv:1112.0330 [astro-ph].
[18] H.K. Dreiner, arXiv:hep-ph/9707435, 1997.
[19] B.C. Allanach, B. Gripaios, J. High Energy Phys. 05 (2012) 062, arXiv:1202.6616 
[hep-ph].
[20] M. Asano, K. Rolbiecki, K. Sakurai, J. High Energy Phys. 01 (2013) 128, arXiv:
1209.5778 [hep-ph].
[21] N. Chamoun, H.K. Dreiner, F. Staub, T. Stefaniak, J. High Energy Phys. 08 (2014) 
142, arXiv:1407.2248.
[22] R. Franceschini, R. Torre, Eur. Phys. J. C 73 (2013) 2422, arXiv:1212.3622 [hep-
ph].
[23] J.A. Evans, Y. Kats, J. High Energy Phys. 04 (2013) 028, arXiv:1209.0764 [hep-
ph].
[24] M. Kawasaki, K. Nakayama, Annu. Rev. Nucl. Part. Sci. 63 (2013) 69, arXiv:
1301.1123 [hep-ph].
[25] K. Rajagopal, M.S. Turner, F. Wilczek, Nucl. Phys. B 358 (1991) 447.
[26] L. Covi, H.-B. Kim, J.E. Kim, L. Roszkowski, J. High Energy Phys. 0105 (2001) 
033, arXiv:hep-ph/0101009.
[27] L. Covi, J.E. Kim, New J. Phys. 11 (2009) 105003, arXiv:0902.0769 [astro-ph].
[28] A. Strumia, J. High Energy Phys. 1006 (2010) 036, arXiv:1003.5847 [hep-ph].
[29] K.-Y. Choi, L. Covi, J.E. Kim, L. Roszkowski, J. High Energy Phys. 1204 (2012) 
106, arXiv:1108.2282 [hep-th].
S. Colucci et al. / Physics Letters B 750 (2015) 107–111 111[30] K.-Y. Choi, J.E. Kim, L. Roszkowski, J. Korean Phys. Soc. 63 (2013) 1685, arXiv:
1307.3330 [astro-ph].
[31] K.J. Bae, K. Choi, S.H. Im, J. High Energy Phys. 1108 (2011) 065, arXiv:1106.2452 
[hep-ph].
[32] K.J. Bae, E.J. Chun, S.H. Im, J. Cosmol. Astropart. Phys. 1203 (2012) 013, arXiv:
1111.5962 [hep-ph].
[33] M. Dine, W. Fischler, M. Srednicki, Phys. Lett. B 104 (1981) 199.
[34] A. Zhitnitsky, Sov. J. Nucl. Phys. 31 (1980) 260.
[35] J.E. Kim, Phys. Rev. Lett. 43 (1979) 103.
[36] M.A. Shifman, A. Vainshtein, V.I. Zakharov, Nucl. Phys. B 166 (1980) 493.
[37] P. Ade, et al., Planck, Astron. Astrophys. 571 (A16) (2014), arXiv:1303.5076 
[astro-ph].
[38] C. Cheung, G. Elor, L.J. Hall, Phys. Rev. D 85 (2012) 015008, arXiv:1104.0692 
[hep-ph].
[39] H.K. Dreiner, F. Staub, L. Ubaldi, Phys. Rev. D 90 (2014) 055016, arXiv:
1402.5977 [hep-ph].
[40] E.W. Kolb, M.S. Turner, Front. Phys. 69 (1990) 1.
[41] M. Viel, J. Lesgourgues, M.G. Haehnelt, S. Matarrese, A. Riotto, Phys. Rev. D 71 
(2005) 063534, arXiv:astro-ph/0501562.
[42] M. Bolz, A. Brandenburg, W. Buchmuller, Nucl. Phys. B 606 (2001) 518, Nucl. 
Phys. B 790 (2008) 336 (Erratum), arXiv:hep-ph/0012052.
[43] H. Georgi, D.B. Kaplan, L. Randall, Phys. Lett. B 169 (1986) 73.
[44] J.E. Kim, G. Carosi, Rev. Mod. Phys. 82 (2010) 557, arXiv:0807.3125 [hep-ph].
[45] H.K. Dreiner, C. Hanhart, U. Langenfeld, D.R. Phillips, Phys. Rev. D 68 (2003) 
055004, arXiv:hep-ph/0304289.[46] H.K. Dreiner, S. Heinemeyer, O. Kittel, U. Langenfeld, A.M. Weber, G. Weiglein, 
Eur. Phys. J. C 62 (2009) 547, arXiv:0901.3485 [hep-ph].
[47] H.K. Dreiner, S. Grab, D. Koschade, M. Kramer, B. O’Leary, U. Langenfeld, Phys. 
Rev. D 80 (2009) 035018, arXiv:0905.2051 [hep-th].
[48] H.K. Dreiner, M. Hanussek, J.S. Kim, S. Sarkar, Phys. Rev. D 85 (2012) 065027, 
arXiv:1111.5715 [hep-ph].
[49] P. Ade, et al., Planck, arXiv:1502.01589 [astro-ph], 2015.
[50] B. Allanach, A. Dedes, H. Dreiner, Phys. Rev. D 69 (2004) 115002, arXiv:hep-
ph/0309196.
[51] G.G. Raffelt, Lect. Notes Phys. 741 (2008) 51, arXiv:hep-ph/0611350.
[52] M. Hirsch, J. Valle, Nucl. Phys. B 557 (1999) 60, arXiv:hep-ph/9812463.
[53] T. Banks, Y. Grossman, E. Nardi, Y. Nir, Phys. Rev. D 52 (1995) 5319, arXiv:hep-
ph/9505248.
[54] M. Hirsch, J. Valle, New J. Phys. 6 (2004) 76, arXiv:hep-ph/0405015.
[55] K. Olive, et al., Particle Data Group, Chin. Phys. C 38 (2014) 090001.
[56] H.K. Dreiner, G.G. Ross, Nucl. Phys. B 365 (1991) 597.
[57] S.P. Martin, arXiv:hep-ph/9709356, 1997.
[58] J.R. Ellis, G.B. Gelmini, J.L. Lopez, D.V. Nanopoulos, S. Sarkar, Nucl. Phys. B 373 
(1992) 399.
[59] W. Hu, J. Silk, Phys. Rev. D 48 (1993) 485.
[60] T.R. Slatyer, Phys. Rev. D 87 (2013) 123513, arXiv:1211.0283 [astro-ph].
[61] S. Alekhin, et al., arXiv:1504.04855, 2015.
[62] J.A. Conley, H.K. Dreiner, P. Wienemann, Phys. Rev. D 83 (2011) 055018, arXiv:
1012.1035.
[63] K.J.H. Phillips, B. Sylwester, J. Sylwester, arXiv:1507.04619 [astro-ph], 2015.
